One-third of the world's population has hypertension and it is responsible for almost 50% of deaths from stroke or coronary heart disease. These statistics do not distinguish salt-sensitive from salt-resistant hypertension or include normotensives who are salt-sensitive even though salt sensitivity, independent of blood pressure, is a risk factor for cardiovascular and other diseases, including cancer. This review describes new personalized diagnostic tools for salt sensitivity.
INTRODUCTION
Methods for risk stratification and identification of patients at high risk for chronic disease are needed in the healthcare system in the future if costs are to be contained. Predictive genomics will assist disease management wellness programs. However, genetic tests are rarely highly predictive of disease [1, 2] except in monogenic diseases, such as the rare monogenic forms of hypertension [3, 4] . The need for screening and staging of chronic disease is borne out of the demographics that 90 million Americans have chronic medical conditions that are lifelong and progressive. The annual cost (billions) to the US health system is $300 for hypertension, $132 for diabetes per year, $82 for arthritis, and $30 for asthma (http://www.cdc.gov). Add to this fact the staggering observations that 75% of healthcare costs and 70% of deaths are because of chronic disease, and it becomes evident that a new model is necessary. About one-third of the world's population has hypertension, which is responsible for almost 50% of deaths from stroke and coronary heart disease [5] [6] [7] . However, these statistics do not distinguish salt-sensitive from salt-resistant hypertension or include normotensive patients who are salt-sensitive. This distinction is important because salt sensitivity, independent of blood pressure, is a risk factor for cardiovascular morbidity and mortality [8, 9] and other diseases, for example, asthma, gastric carcinoma, osteoporosis, and renal dysfunction [10] . Therefore, there are profound positive benefits that can be derived from developing diagnostic tests based on biomarkers for hypertension and salt sensitivity.
Hypertension and salt sensitivity are complex diseases as a result of genetic predisposition, coupled with environmental influences, such as excessive sodium consumption and sedentary lifestyles. Almost half of the US population has hypertension, salt sensitivity, or both ( Fig. 1) [8, 11] .
THE DIAGNOSIS OF HYPERTENSION
Hypertension is currently diagnosed by arm cuff sphygmomanometry, preferably with a mercury sphygmomanometer (JNCVII) [15] . Chronic ambulatory blood pressure monitoring is being advocated because it can distinguish sustained from white-coat, masked, nondipping, and overly dipping hypertension [16] [17] [18] . Blood pressure variability, an increasingly recognized cardiovascular risk, should be monitored, in addition to the actual level of blood pressure [19, 20] , using only validated instruments [21, 22] .
THE DIAGNOSIS OF SALT SENSITIVITY
Salt sensitivity is defined as a change in blood pressure (office measurement) of 5-10% or at least 5 mmHg, in response to a change in NaCl intake [23] . Another definition of salt sensitivity is an increase in mean arterial blood pressure (MAP) of at least 4 mmHg (24-h ambulatory blood pressure monitoring) with an increase in NaCl intake [24] . A salt sensitivity index (difference between MAP on low-salt and high-salt diets, divided by the MAP on low-salt diet) of at least 5% is also another definition of salt sensitivity [25] . An increase in MAP of at least 10 mmHg, after an infusion of 2 l of normal saline over 4 h relative to that measured the morning after 1 day of a low-sodium (10 mmol) diet and administration of a loop diuretic, is another definition of salt sensitivity [8] (Fig. 2) . However, the most reliable method to measure salt sensitivity is the blood pressure response to a change in dietary salt intake [24,26 & ]. The salt sensitivity of patients with essential hypertension is not clinically documented and less so in salt-sensitive normotensive patients, who by definition have blood pressures less than 140/90 mmHg (systolic/diastolic) on random salt intake [15] . The failure to routinely test for salt sensitivity may be related to the methods and expense used to diagnose salt sensitivity, low compliance on restricted diets, and, critically, the lack of reimbursement from healthcare insurers. Nonetheless, the health and financial costs of not diagnosing salt sensitivity are enormous and mandate alternative approaches that are cheaper and easier.
SALT INTAKE AND HEALTH OUTCOME
The health risks, especially cardiovascular disease, associated with high-salt diet are well recognized [8] [9] [10] [11] . Government and nonprofit health-based entities have generally recommended a significant reduction in NaCl consumption [27,28 && ]. Salt is an irreplaceable preservative in many food products to prevent spoilage. Typical high sources of NaCl are bread, pizza, pasta dinners, cold cuts, ham, bacon, soups, and most fast food items. About 75%
KEY POINTS
Salt sensitivity of blood pressure is best determined by measuring the blood pressure response to a chronic change in oral salt intake. Urinary surrogate markers, including renal proximal tubule cells, exosomes, and miRNA, hold promise for cost-effective methods to screen for salt sensitivity and inverse salt sensitivity.
The salt sensitivity of patients with or without essential hypertension is not clinically documented, especially in salt-sensitive normotensive patients, who by definition have blood pressures less than 140/90 mmHg (systolic/diastolic) on random salt intake. Almost half of the US population may be salt-sensitive.
The salt sensitivity of blood pressure in hypertensive and normotensive patients is not included in published statistics on the prevalence, awareness, treatment, or response to treatment. Salt sensitivity, independent of blood pressure, is a risk factor for cardiovascular morbidity and mortality and other diseases, for example, asthma, gastric carcinoma, osteoporosis, and renal dysfunction.
Sodium intake and cardiovascular morbidity and mortality have a J-shaped curve relationship. A low-salt diet may not be beneficial to everyone as a low salt intake, as with a high salt intake, has also been associated with increased cardiovascular risk. Some individuals have a paradoxical increase in blood pressure on a low-salt diet (inverse salt sensitivity).
Several gene variants are associated with salt sensitivity, but only variants of GRK4 have been shown to be highly associated with salt sensitivity in humans and cause salt-sensitive or salt-resistant hypertension when expressed in mice, that is dependent on the GRK4 variant and genetic background of the mice in which it is expressed.
of an average individual's consumption of NaCl comes from processed food, an additional 10-15% is added during cooking or at the table, and 10% occurs naturally in foods, especially meats. Fruits and vegetables are naturally low in NaCl and high in potassium. Low-sodium food should be no more than 40 mg sodium (100 mg NaCl) per 100 g of food product or 100 ml liquid. Reduced salt foods should have at least 25% less than the standard product. Salt-free or sodium-free should have no more than 5 mg of sodium (1.25 mg NaCl) per 100 g of food product or 100 ml of liquid (http://www.nutrition. org.uk/home.asp?siteId=43&sectionId=836&parent Section=322&which=undefined, accessed 1 October 2012).
The adequate intake and upper limit of NaCl intake per day as defined by the Institute of Medicine is 3.7-5.8 g (1.5-2.3 g sodium) for young adults and 2.08 to less than 5.8 for older adults and elderly (!60 years old) [27] . [7, 8, 11] . The prevalence of hypertension increased from 23.9% in 1988-1994 to 28.5% in 1999-2000, but did not change significantly between 1999-2000 (28.1%) and 2007-2008 (30.9%) [7, 11, 12] . Women are slightly more likely than men to have hypertension, with 35 million women and 30 million men with the disease [12] . The prevalence of hypertension is highest in persons 65 years and older (69.7%), persons with Medicare coverage (68.1%), followed by those with less than high school education (42.1%), non-Hispanic Blacks (38.6%), non-Hispanic Whites (32.3%), Asian Americans (39%), and Mexican Americans (17.3%) [12] [13] [14] . However, the prevalence of hypertension in foreign-born African Americans and black persons living outside the United States is similar to other ethnic groups [14] . . Diagrammatic representation of two protocols for testing for salt sensitivity. The first method requires 29 days to administer. A diagnosis of salt sensitivity is made if the individual has a 5-10% increase or decrease in blood pressure following an increase or decrease in salt intake, relative to blood pressure on a normal salt intake (data from [23] [24] [25] 26 
Although the dietary sodium recommendation by the Institute for Medicine is intended as a 'one size fits all' recommendation, it is becoming clear that each individual is genetically programmed with a 'personal index of salt sensitivity' and NaCl dietary guidelines should be personalized. More research is needed to understand the nonlinear effect of salt intake on cardiovascular disease or death [29] . Similar to the blood pressure following the treatment of hypertension [30] , there is also a J-shaped curve relationship between sodium intake and mortality [31,32 && ,33] . NaCl intakes above and below the range of 2.5-6.0 g/day are associated with increased cardiovascular risk [31,32 && ,33] . Furthermore, some individuals have a paradoxical increase in blood pressure on a low NaCl diet (inverse salt sensitivity) ( Fig. 3 ) [34 && ]. This complexity makes the 'one-size-fits all' approach not only ineffective, but also potentially dangerous.
Because of the difficulty in measuring the responses to sodium intake, surrogate markers are often used. The absence of the 10-20% reduction in blood pressure with normal sleeping is associated with a higher incidence of salt sensitivity in some studies [35, 36] . Low plasma renin activity (PRA) has also been associated with salt sensitivity in normotensive and hypertensive individuals [37] [38] [39] . Low PRA considered indicative of salt-sensitive hypertension [38, 39] is limited by a lack of sensitivity and specificity. For example, in our Japanese hypertensive individuals who were grouped according to their response to a chronic oral salt loading protocol, 8% of the salt-sensitive individuals had normal PRA (n ¼ 82), while 92% had low PRA ( 1 ng/ml/h on a normal sodium diet) (n ¼ 94). In contrast, 33% of salt-resistant individuals had low PRA, while 67% had normal PRA [39] . Thus, similar to studies from other investigators, PRA levels do not always distinguish salt-sensitive from salt-resistant individuals [37] [38] [39] . Other surrogate markers for salt sensitivity, such as circulating levels of atrial natriuretic peptide (ANP) [37] , brain natriuretic peptide (BNP) [40, 41] , and endogenous ouabain [42] , also suffer from the same limitations as PRA [39] .
GENETIC SCREENING FOR HYPERTENSION AND SALT SENSITIVITY
The need for better surrogate markers for salt sensitivity other than PRA, ANP, BNP, and endogenous ouabain [37, [38] [39] [40] [41] [42] has prompted the development of genetic screens for hypertension and salt sensitivity using large-scale microarrays and sensitive and specific biomarkers for salt sensitivity, including genetics [34 && ], proteomics, and renal proximal tubule cells (RPTCs) [43] , micro ribonucleic acid (miRNA) [44] , and exosomes excreted into the urine [45] . The latter are also being evaluated as markers for chronic kidney and other diseases [46, 47] . The use of limited screening arrays currently available has not yielded positive results. Furthermore, genomewide association studies have yielded gene variants that only account for a small percentage (2%) of blood pressure variability [48] and these studies do not include salt sensitivity.
DIAGNOSTIC OBJECTIVES FOR A GENETIC TEST
The diagnostic objectives for a genetic test would be to screen for the propensity to develop hypertension and salt sensitivity, especially in individuals with a 
GENE VARIANTS ASSOCIATED WITH SALT SENSITIVITY
Several gene variants have been associated with hypertension and/or salt sensitivity. These genes are usually associated with the regulation of vascular resistance and renal sodium transport.
(1) Genes expressing proteins that increase renal sodium transport or vascular smooth muscle cell reactivity.
(a) The renin-angiotensin-aldosterone system is an important regulator of renal sodium transport, especially under the conditions of sodium deficit [52] . Angiotensin II stimulation of the angiotensin type 1 receptor (AT 1 R) increases sodium retention [53, 54] , while decreased sodium retention involves angiotensin-(1-7) [55, 56] , angiotensin III, and the angiotensin type 2 receptor (AT 2 R) [57] . Dopamine produced by RPTs is critical in facilitating sodium excretion under the condition of moderate sodium excess acting through dopamine receptors interacting with the renin-angiotensin-aldosterone system and others [58] . Angiotensin-(1-7), angiotensin-(3-7), and angiotensin IV concentration dependently increase dopamine production [59] in the striatum, which is facilitated by AT 1 R blockade in the hypothalamus [60] . Whether or not a similar interaction occurs in the kidney remains to be determined. It is also not known whether polymorphisms of enzymes involved in dopamine synthesis are associated with salt sensitivity in humans.
. Angiotensinogen is the precursor for the angiotensin peptides (e.g., angiotensin I, II, and III). Polymorphisms in AGT (rs2004776), T174M
(rs4762), and À20C-A (rs5050) but not À6G-A or À217A-G (rs5049) have been associated with hypertension [61, 62] . However, only one of seven studies has found an association between M235T (rs699 T>C) or À6G-A and salt sensitivity [63] . (ii) Angiotensin I converting enzyme (ACE) [chromosome 17q23 .3 ]. An insertion/deletion polymorphism of a 287-base-pair fragment in intron 16 (rs1799752) of ACE has been associated with salt sensitivity in three studies (reviewed in [63] ). (iii) AGTR1 (rs5186 A>C) was not associated with salt sensitivity in two studies [63] , but one study found an association of intronic polymorphism rs4524238 G>A and salt sensitivity [64] . (iv) Aldosterone synthase (CYP11B2) [chromosome 8q24.3]: The CYP11B2 gene encoding aldosterone synthase (P450c11AS) contains a single-nucleotide polymorphism (SNP) (À344C>T, rs1799998), associated with essential hypertension but not salt sensitivity (reviewed in [65] ). (b) Solute carrier family (SLC). SLC8 sodium/ calcium exchanger, member 1 (SLC8A1) [chromosome 2p22.1], rs434082, G>A, and SLC24 sodium/potassium/calcium exchanger, member 3 (SLC24A3) [chromosome 20p11.13], rs3790261, G>A, were associated with an increase in systolic blood pressure in response to an acute salt load [66] . SLC8A1, which encodes NCX1, may be important in the pathogenesis of salt-sensitive hypertension [67] . (c) Sodium transporters and channels.
(i) Amiloride-sensitive epithelial sodium channel (ENaC), a subunit (SCNN1A) [chromosome12p13]. Mutations of ENaC cause monogenic, salt-sensitive hypertension [3] , and some polymorphisms of ENaC (e.g., rs4073291 G>T) are associated with salt-sensitive polygenic hypertension [68] . Gene variants in two regulators of ENaC have also been associated with salt sensitivity. One is serum/glucocorticoid regulated kinase 1 (SGK1) [chromosome 6q23.2]; major allele carriers of SGK1 rs2758151 (C/T) and rs9402571 (T/G) are saltsensitive [69] . The other is neural precursor cell-expressed developmentally downregulated 4-like (NEDD4L, chromosome 18q21.31) gene variants (NEDD4L rs4149601, A/G); GG genotype, and C-allele of NEDD4L (rs2288774, C/T) are also associated with salt sensitivity [70] [71] [72] ). In expression studies, wildtype a-adducin minimally affects, whereas ADD1, rs4961 G460W, and rs4963 586C increase Na þ K þ -ATPase activity [73, 74] . An increase in renal Na þ K þ -ATPase activity causes sodium retention and eventually an increase in blood pressure. The inconsistent reports on the association of ADD1 rs4961 with salt sensitivity could be related to the ethnic differences in the frequency of the minor allele: 8% in African Americans, 15-20% in whites, and 50% in Japanese [75, 76] , and differences in circulating ouabain levels, female sex, high body mass index, and interaction with other genes that regulate sodium transporters, WNK1-NEDD4L, in addition to Na þ K þ -ATPase [70] [71] [72] [73] [74] [75] [76] [77] [78] . (4) Genes expressing proteins that normally decrease renal sodium transport: As indicated above, the renal dopaminergic system, by itself or via its interaction with other hormonal or humoral factors that affect sodium transport: ANP/ANPA [79] , AT 1 R [80-83], AT 2 R [57] , eicosanoids [84, 85] , endothelin/endothelin type B receptor [86] , gastrin [87, 88] , insulin [89, 90] , nitric oxide [91] , prolactin [92] , urodilatin [79] , and even aldosterone [84] , plays a critical role in the excretion of sodium under the conditions of sodium excess [58] .
Deletion of any of the dopamine receptor genes in mice results in hypertension that may be observed only on a high-sodium diet [58, 93] . However, except for DRD2 rs6276 (3 0 UTR -A/G) [chromosome 11q23], variants of the dopamine receptor subtype genes have not been shown to be associated with salt sensitivity [34 && ]. Instead, variants of G protein-coupled receptor kinase 4 (GRK4) [chromosome 4p. 16.3] , which regulates the dopamine D 1 receptor (i.e., D 1 R), have been reported to be associated with salt sensitivity [58,94 && ]. D 1 R, the protein product of DRD1, is important in the regulation of renal tubule ion transport, particularly evident in the proximal tubule [58] . Indeed, deletion of Ddc, the gene that expresses the enzyme that converts L-DOPA to dopamine in the RPT in mice, causes saltsensitive hypertension [95 && ]. The RPT and the thick ascending limb are the major sites of increased sodium transport in human essential hypertension [96, 97] . GRK4 A486V, rs1801058, by itself [34 && ,98] or in association with other GRK4 gene variants (GRK4 R65L, rs2960306; GRK4 A142V, rs1024323), is associated with salt sensitivity in a Japanese [39] , Italian [98] , and European American [34 && ] population. Because ADD1 and GRK4 are within 40 kb of each other, we adjusted each SNP in the logistic regression analyses for the other SNPs in addition to sex, BMI, and age to assess the independence of these two SNPs. After adjustment for rs4961, rs1801058 remained statistically significant [P ¼ 0.016; odds ratio (OR), 0.545; 95% confidence interval (CI), 0.330-0.891], but the ADD1 rs4961 did not remain significant after adjusting for GRK4 genotypes (P ¼ 0.524; OR, 0.968; 95% CI, 0.877-1.07) [34 && ]. Several criteria are needed to prove that a gene is causal of a complex trait [99] , salt sensitivity, in this instance. Of all the genes that have been shown to be associated with salt sensitivity, depending on the genetic background, only GRK4 486V has been shown to produce hypertension in transgenic mice [100, 101] , recapitulating the association studies in humans [34 && ,39,98] .
DATA REDUCTION OF GENETIC TESTS
In order to use SNPs for diagnostic purposes, there must be a high degree of confidence that the genetic variation is associated with an increased risk of disease or the cause of the patient's current condition. Sensitivity, specificity, positive and negative likelihood ratios, and diagnostics odds ratio (DOR) aid in the evaluation of the value of a diagnostic test. The power of these measures increases with ethnic homogeneity, and size and frequency of the polymorphisms in the study population. Allelic variants associated with increased risk of disease may be employed as useful diagnostic markers. However, some allelic variants that do not show such an association individually may still have significant diagnostic value, using novel multivariable or multigene analytical approaches. The multifactorial dimensionality reduction (MDR) test which examines all pair-wise combinations and then all three-way combinations for significant associations [102] is nonparametric and model independent. MDR has enough power to determine alleles that are strongly associated with disease even with relatively small datasets. We calculated the traditional diagnostic statistical indices in our cohort of approximately 80 Japanese individuals, tested for salt sensitivity using a dietary protocol [39] . When a diagnostic threshold of three or more SNPs for GRK4 was used, this test yielded a sensitivity of 0.85 and a specificity of one. The positive likelihood ratio and DOR were infinite, as there were no false positives in this study of a small cohort. If these measures hold up under a larger cohort, then the genetic panel may provide significant diagnostic utility for physicians.
An alternative approach to the above analyses is to use the number of 'risk' alleles as a genetic score measurement for either hypertension or salt sensitivity. Using a Japanese dataset [39] that showed association of GRK4 SNPs with hypertension, we calculated a score based on the number of risk increasing alleles and demonstrated a monotonic increase in risk of hypertension (Table 1) . We also used an alternative measure to calculate a quantitative genetic score measurement -the number of risk alleles divided by the total number of alleles for these loci, and a similar result was obtained (P < 0.001, logistic regression model adjusted for sex).
Unweighted genetic scores of GRK4 and SLC4A5 (in a salt-sensitive cohort [34 && ]) using a sex and BMI adjusted logistic regression model (STATA10) also yielded a significant result (P ¼ 0.003 for the genetic score as an independent predictor of salt sensitivity). The genetic score analyses, as presented above, represent simple models of genetic risk (additive or linear) that will require further validation. It is also possible that more complex genetic models will better explain risk and these can be elucidated by model-free methods, such as MDR, that will also require further study. Nonetheless, the results as presented are promising in that they do provide a reasonable estimate of the role that physiologically relevant gene variants can play in predicting both hypertension and salt sensitivity, and that multilocus models do perform better than simple, single variant assessments.
PHYSIOLOGICAL RESPONSES AND THEIR CORRELATION WITH GRK4 VARIANT ALLELES
The value of genetic markers for disease increases if there is a correlation between the presence of SNPs and a physiological response [99] . In a study of 83 Japanese hypertensive individuals (protocol in Fig. 2 ), 35 being salt-sensitive and 48 salt-resistant [39] , the presence of at least three GRK4 variant alleles was always associated with salt sensitivity (!10% MAP, following the change from low to high salt diet), although some with one or two variant a Genetic score or number of variant alleles at three GRK4 loci, GRK4 142V , GRK4 486V , GRK4 R65L were counted in a Japanese human essential hypertension cohort; normotensive n ¼ 486, hypertensive n ¼ 588 (39 and unpublished data). b Total number of individuals in the study with the given number of GRK4 variant alleles. c Total number of hypertension cases or controls with the given number of GRK4 variant alleles. d Logistic Regression Model was adjusted for sex and is calculated relative to a genetic score of 0. Analysis performed using STATA 10. e Greater than four variants are not shown because of small sample size in each cell. Results were, however, highly statistically significant with ORs approaching 5. f Percentage of hypertension cases correctly predicted using the specified GRK4 variant logistic regression model adjusted for sex.
alleles were also salt-sensitive. Moreover, the change in sodium excretion with change in salt intake was inversely proportional to the number of GRK4 variant alleles (Fig. 4 ). Because salt sensitivity was always observed in hypertensive patients (54.8 AE 0.8 years old, BMI ¼ 23.1 AE 0.2 kg/m 2 ) with three or more GRK4 variant alleles, we studied the effect of a dopamine prodrug, docarpamine, on sodium excretion in young normotensive individuals with no or three GRK4 variant alleles. Docarpamine increased urinary sodium in patients with less than three GRK4 SNPs [39] , but not in individuals with three GRK4 SNPs. These data indicate a significant and physiologically relevant relationship between the presence of three GRK4 SNPs and the inability to excrete a sodium load. Speirs et al. [103] reported a gene dose effect of the GRK4 486 allele on systolic blood pressure in hypertensives, obese hypertensives, and male hypertensives but not normotensives ( Fig. 5 ). These results are in accord with our genetic score analyses presented above. However, the relationship to salt sensitivity was not tested in these studies.
CELL-BASED ASSAYS
RPTCs, isolated from urine, have provided important clues about the cause of disease [104] [105] [106] [107] [108] [109] . The RPT is one site of increased sodium transport in polygenic hypertension [97] and therefore, living RPTCs isolated from urine (i.e., virtual renal biopsy) could serve as a convenient method to assess RPTC physiology, almost instantaneously. We hypothesized that the physiological consequences of stimulation of D 1 R and AT 1 R stimulation are recapitulated in freshly isolated RPTCs. Salt sensitivity was defined as an increase of at least 7 mmHg in MAP following the increase in sodium intake from low (10 mmol/day for 5days) to high (300 mmol/day) (n ¼ 4); inverse salt sensitivity as an increase of at least 7 mmHg in MAP following a change in sodium intake from high to low (n ¼ 3), and salt resistance as less than 7 mmHg change in MAP from the change in salt intake (n ¼ 5) (Table 1 ). We measured the intracellular sodium-induced recruitment of the D 1 R from cytosol to the plasma membrane and an increase in intracellular Ca þþ with angiotensin II. There was a negative correlation between the degree of salt sensitivity and D 1 R plasma membrane recruitment (y ¼ À0.0107x þ 0.68 0.68 relative fluorescent units, R 2 ¼ 0.88, n ¼ 12, P < 0.0001) and angiotensin II-stimulated intracellular Ca þþ (y ¼ À0.0016x þ 0.0336, R 2 ¼ 0.7112, n ¼ 10, P < 0.001) [43] . There was also an inverse correlation between fenoldopam-mediated AT 2 R recruitment to the plasma membrane and the degree of salt sensitivity of blood pressure [110] . The natriuretic effect of the D 1 -like receptor agonist fenoldopam may require the stimulation of AT 2 R [57] . Therefore, the response of urine RPTCs to D 1 -like receptor and AT 1 R stimulation may provide a personalized cellbased diagnostic for salt sensitivity that offers advantages over a 2-week controlled diet with respect to rapidity of diagnosis in the doctor's office, decreased cost, and enhanced patient compliance. Another advantage of using RPTCs is that they can be sequenced for genes that may cause salt sensitivity, as somatic mutations in RPTCs are unlikely to be detected by studying DNA obtained from blood samples, although sister chromatid exchange analysis may be informative ( [111] ; Scott M. Williams, unpublished observation).
URINE EXOSOMES AS BIOMARKERS
Exosomes are small 50-90 nm vesicles containing mRNA, proteins, and other subcellular components. Urine exosomes may contain cellular components that may be associated with aberrant nephron physiology in salt-sensitive individuals. The amounts of two proteins responsible for sodium transport in the distal nephron were not reliable markers of increased sodium reabsorption in hypertensive patients [112] . Therefore, we studied exosomes from immortalized human RPTCs treated with vehicle or fenoldopam (D 1 -like receptor agonist) [45] . Fenoldopam (1 mM/ 24 h) produced a 2.38 AE 0.053-fold increase in exosome release (n ¼ 15, P < 0.04). Calcium-independent angiotensin II stimulation (1 nM/24 h) also caused a 4.71 AE 0.35-fold increase in exosome release (n ¼ 18, P < 0.04). Lamp1-RFP or CD82-YFP (two proteins previously found to be contained in exosomes) electroporated into RPTCs were secreted into the culture medium and taken up by nontransfected cells. Proteomic and mRNA analyses demonstrated the presence of D 1 R and GRK4, which as discussed above can regulate renal tubular sodium transport, in exosomes derived from RPTCs. Thus, exosomes, which contain proteins, mRNA, and miRNA, could serve as an intranephron acellular signaling mechanism that may alter sodium homeostasis. Total miRNA (miRNome) in urinary exosomes has not been previously evaluated as a disease biomarker, particularly for salt sensitivity. Total RNA was collected from urinary exosomes (LC Sciences, miRBase Human version 18). Urinary exosomes (three samples per individual) were pooled from five humans previously phenotyped for salt sensitivity from a prior clinical study using a 2-week controlled sodium diet [45] . Patients were stratified according to salt sensitivity status: 306 miRNA targets out of 1898 probes were above background, providing the first data for urinary exosome miRNome in humans (n ¼ 5). Bioinformatic analysis determined 20 significant differences in miRNome patterns between the salt-sensitive, salt-resistant, and inverse saltsensitive individuals [45] .
PHARMACOGENOMICS
Within the field of hypertension, there is a great need for pharmacogenomics to assist with instituting proper therapeutic strategies. Only 46% of hypertensive patients have their hypertension under adequate control [7] . Knowing specific genetic variants is critically important for appropriate personalized treatment, as current generic treatments are clearly inadequate.
A recent Harris poll indicated that 81% of individuals over the age of 18 would favor being tested for a genetic disease if an effective treatment existed. Substantial social and economic benefits to public health can be achieved also by encouraging individuals to adopt personal behaviors and related strategies that can improve their cardiovascular health. Positive predictive phenotypic genomics may provide increased incentives for positive lifestyle changes.
CONCLUSION
The statistics showing the common prevalence of essential hypertension do not distinguish saltsensitive from salt-resistant hypertension or include normotensive patients who are salt-sensitive. This distinction is important because salt sensitivity, independent of blood pressure, is a risk factor for cardiovascular morbidity and mortality and other diseases. Patients who have normal blood pressure but are salt-sensitive cannot be diagnosed in an office setting and there are no laboratory tests for salt sensitivity. Urinary surrogate markers, including RPTCs, exosomes, and miRNA, hold promise for cost-effective methods to screen for salt sensitivity and inverse salt sensitivity.
